Human umbilical vein endothelial cells (HUVEC) express functional receptors to leptin, the product of the ob gene. As human obesity is associated with atherosclerosis and hyperleptinemia, we investigated whether leptin, in addition to its angiogenic properties, exerts atherogenic effects through the generation of oxidative stress in endothelial cells. In HUVEC leptin increased the accumulation of reactive oxygen species (ROS), as assessed by the oxidation of 2,7-dichlorodihydrofluorescein, in a time-and concentration-dependent manner. In addition, leptin activated the 
Obesity, characterized by an excess of fat mass, is clearly associated with an increased risk of cardiovascular pathology. The link between increased adipogenesis and development of atherosclerosis is still not well understood. An increasing number of reports show that adipocytes secrete growth factors and cytokines, which might exert potential atherogenic effect on the vascular wall (1) . Leptin, the product of the ob gene, is a plasma protein secreted by adipocytes and is involved in the control of body weight, mainly through its hypothalamic effects (2-4). Recently, new peripheral roles for leptin have been identified, i.e., regulation of hematopoietic processes (5, 6 ) and proinflammatory immune responses (7), as well as stimulation of endothelial cell growth and angiogenesis (8, 9) . Moreover, the leptin receptor with the longest cytoplasmic domain (ObRb), which is responsible for the leptin-mediated activation of the Janus kinases (JAK) 2 /STAT pathway (10), has been found to be expressed in various peripheral cells such as endothelial cells (8, 9) and cells from the immune system (5) . The plasma concentrations of leptin are markedly increased in human obesity and positively correlated to body fat mass (11) . As human obesity is associated with hyperleptinemia and atherosclerosis, we hypothesized that leptin, in addition to its angiogenic properties, exerts proatherogenic effect on endothelial cells.
Atherosclerotic lesions are the results of an excessive proliferative and inflammatory response that involves several cellular events, including smooth muscle cell migration and proliferation, inflammatory cell infiltration, neovascularization, production of extracellular matrix, and the accumulation of lipids (12) . Evidence suggests that the generation of oxidative stress, characterized by enhanced reactive oxygen species (ROS) formation, may play a central regulatory role in such events. ROS are potent activators of cell migration and proliferation (13) and modulate the expression of several proinflammatory molecules in endothelial cells such as adhesion molecules [vascular cell adhesion molecule-1 (14) and intercellular adhesion molecule-1 (15)] and chemotactic factors (monocyte chemoattractant molecule-1, MCP-1) (16) . ROS appear to act as signaling messengers capable of activating intracellular transduction pathways and transcriptions factors (17) , such as NF-B and AP-1, both of which are sensitive to changes in intracellular redox state (18) .
In the present study, we demonstrate that leptin increases the accumulation of ROS in endothelial cells and thereby might play a major role in the inflammation process and genesis of atherosclerosis.
MATERIALS AND METHODS
Chemicals were obtained from either Sigma (Deisenhofen, Germany) or Merck (Darmstadt, Germany). Human recombinant leptin was purchased from Biomol (Hamburg, Germany). The rabbit polyclonal antibody directed against JNK1 (C-17) and the GST-Jun fusion protein were purchased from Santa Cruz Biotechnology (Santa Cruz, Calif.), the protein G-Sepharose from Sigma, and the prestained protein marker from New England Biolabs (Beverly, Mass.). [␣-
32 P]dCTP and [␥-
32 P]ATP were obtained from Hartmann analytic (Braunschweig, Germany).
Cell culture
Human umbilical vein endothelial cells (HUVEC), isolated as described previously (19) , were seeded in culture dishes containing M-199 medium (Life Technologies, EggensteinLeopoldshafen, Germany) and 10% fetal calf serum (Biochrom, Berlin, Germany) supplemented with penicillin (50 U/ml) and streptomycin (50 g/ml). Experiments were performed on quiescent cells from passage 1 maintained in serum-deprived M-199 supplemented with 0.1% bovine serum albumin (Life Technologies) for 24 to 36 h.
Measurement of intracellular ROS generation
The determination of intracellular oxidant production was based on the oxidation of 2Ј,7Ј-dichlorodihydrofluorescein (DCHF) by peroxide, resulting in the formation of the fluorescent compound 2Ј,7Ј-dichlorofluorescein (DCF) using a cytofluor 2300 multiplate fluorometer (Millipore, Bedford, Mass.) as described previously (20) . HUVEC were incubated in Hanks' balanced salt solution at 37°C for 1 h with the drugs, as indicated in the Results section, and for the last 20 min with 20 mol/l DCHF diacetate. The cells were then washed and maintained at 37°C in Hanks' balanced salt solution. Unless otherwise indicated, the fluorescence was monitored after 30 min using excitation and emission wavelengths of 485 nm and 530 nm, respectively, and subtracted from the basal fluorescence measured before addition of leptin.
JNK/SAPK assays
Cells were lysed in Triton lysis buffer (20 mmol/l Tris-HCl, pH 8.0, containing 1% Triton X-100, 137 mmol/l NaCl, 25 mmol/l ␤-glycerophosphate, 1 mmol/l Na orthovanadate, 2 mmol/l Na 2 H 2 P 2 O 7 , 2 mmol/l EDTA, pH 8.0, 10% glycerol, and protease inhibitors (100 g/ml phenylmethylsulfonyl, 1 g/ml aprotinin, and 1 g/ml leupeptin). The protein extracts were incubated with 2 l of rabbit anti-JNK1 antibody for 2 h at 4°C and then with 20 l protein G-Sepharose. After 1 h incubation at 4°C, the immunoprecipitates were washed with Triton lysis buffer and kinase buffer (25 mmol/l HEPES, pH 7.6, 20 mmol/l MgCl 2 , 20 mmol/l ␤-glycerophosphate, 0.1 mmol/l Na orthovanadate, 2 mmol/l DTT). The kinase assays were performed at 30°C for 30 min using 2 g GSP-cJun as a substrate, 20 mol/l ATP, and 5 Ci of [␥-32 P]dATP in 30 l of kinase buffer. The reactions were terminated with Laemmli sample buffer and the products resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (12% gel). The incorporation of [ 32 P]phosphate was visualized by autoradiography and quantified by scanning densitometry, using as software Image master 1D (Pharmacia, Freiburg, Germany).
Electrophoretic mobility shift assays
Nuclear extracts from HUVEC were isolated as described (19) . After nuclear extraction and protein determination, the nuclear proteins were used for electrophoretic mobility shift assays. Double-stranded oligonucleotides containing the sequence of the binding site for transcription factor AP-1 (5Ј-CGC TTG ATG AGT CAG CCG GAA-3Ј, Promega, Wis.) and NF-B (5ЈAGTTGAGGGGACTTTCCCAGCC3Ј (Promega) were radiolabeled with 30 Ci [␥-32 P]ATP by using a 5Ј end labeling kit (Pharmacia Biotech, Germany). Nuclear proteins (6 g) were incubated with 3000 counts of labeled oligonucleotide in a buffer containing HEPES, 10 mmol/l, pH 7.5; NaCl, 100 mmol/l; EDTA, 1 mmol/l; dithiothreitol, 1.5 mmol/l; 5% glycerol, and 2 g poly(dI/dC) for 30 min at room temperature. The reaction mixture was loaded onto a 6% polyacrylamide gel buffered with Tris, 89 mmol/l; boric acid, 89 mmol/l, and EDTA, 2 mmol/l. After drying, the gel was placed in contact with X-ray film at Ϫ70°C. Densitometric analysis of the autoradiographs was performed after unsaturating exposures; the values obtained were normalized and expressed as the percentage of the binding activity in unstimulated cell extracts.
Analysis of MCP1 expression by Northern blotting
Total RNAs were extracted according to the method of Chomczynski and Sacchi (21) . Northern blots were performed using 15 g total RNA. RNA were electrophoresed on a 1.2% formaldehyde-denatured agarose gel, visualized with ethidium bromide, transferred to a nylon membrane (porablot NY amp, Macherey-Nagel, Düren, Germany), and hybridized with either [
32 P]-labeled MCP-1 fragment obtained from the clone pXM-hJE34 (kindly provided by Dr. B. J. Rollins) or [ 32 P]-labeled 18S ribosomal mouse RNA fragment. Autoradiographs were then exposed for 4 to 72 h. Quantification of MCP-1 mRNA was performed by scanning densitometry, normalized for the ribosomal RNA signal to correct loading irregularities. The autoradiographs were analyzed by scanning densitometry.
Statistics
Data are expressed as mean Ϯ se. Statistical analyses were performed by one-way analysis of variance, followed by a Bonferroni t test. Values of P Ͻ 0.05 were considered statistically significant.
RESULTS

Effect of leptin on intracellular reactive oxygen species
Stimulation of DCHF-loaded HUVEC with increasing concentrations of human recombinant leptin (1 to 100 ng/ml) led to a concentration-and timedependent increase in DCF fluorescence (Fig. 1A) . The basal DCF fluorescence was strongly reduced in cells pretreated with the superoxide dismutase inhibitor diethyldithiocarbamic acid (DDC, 5 mmol/l) or with the tyrosine kinase inhibitor genistein (mol/l) (Fig. 1B) . Leptin (10 ng/ml), in the presence of DDC, still enhanced significantly the DCF fluorescence (twofold increase, P Ͻ 0.05) whereas genistein pretreatment prevented the leptin-induced increase in DCF fluorescence. An identical effect was observed with another tyrosine kinase inhibitor, herbimycin (5 mol/l) (data not shown). The presence of the inhibitor of nitric oxide synthase, N G -nitro-L-arginine (300 mol/l), did not affect the stimulatory effect of leptin (Fig. 1B) , whereas the DCF fluorescence was completely abolished in the presence of the antioxidant N-acetylcysteine (NAC, 30 mmol/l) in control and leptin-treated cells (data not shown).
Effect of leptin on Jun kinase-dependent pathway
Because ROS act as intracellular second messengers, we tested whether leptin treatment of endothelial cells is associated with activation of stress-dependent intracellular pathway, i.e., the NH 2 -terminal c-Jun kinase/stress-activated protein kinase (JNK/SAPK) and its downstream target, the transcription factor AP-1.
Immunocomplex kinase assays performed to assess the activity of JNK showed that protein extracts obtained from cells stimulated with leptin exhibited a time-dependent increase in JNK activity ( Fig. 2A) . Leptin (10 ng/ml) enhanced the JNK-mediated phosphorylation of the GST-Jun fusion protein, with a maximal effect after 30 min of treatment. The leptin-dependent activation of JNK was abolished when cells were pretreated with the tyrosine kinase inhibitors genistein (30 mol/l) or herbimycin (5 mol/l) (Fig. 2B) .
Moreover, pretreatment of cells with the antioxidant NAC (30 mmol/l) suppressed the leptin effect on JNK activity, whereas pretreatment of cells with pyrrolidine dithiocarbamate (PDTC), originally used as antioxidant but described to have pro-oxidant properties (22) , further increased the stimulatory effect of leptin on JNK activity (Fig. 3A, B) .
To further characterize the JNK-dependent pathway activated by leptin, we studied the DNA binding activity of the transcription factor AP-1. Electrophoretic mobility shift assays using [
32 P]AP-1 consensus sequence showed that nuclear extracts from cells stimulated with leptin evoked a time-dependent appearance of two bands, reflecting an enhanced association of nuclear proteins with the AP-1 consensus sequence (Fig. 4A) . The stimulatory effect reached a peak within 30 min (4.2-fold increase, P Ͻ 0.01, nϭ4) and gradually decreased after 1 h. Treatment of nuclear extracts with excess of cold AP-1 consensus sequence resulted in the suppression of the leptin effect on the upper band (Fig. 4B) . Thus, the upper band represented the specific leptin-sensitive AP-1/DNA complex. Pretreatment of cells with NAC abolished the stimulatory effect of leptin in a concentration-dependent manner (Fig. 5A, B) .
Effect of leptin on NF-B activity
The activity of the transcription factor NF-B is sensitive to intracellular redox changes. Thus, we investigated the DNA binding activity of NF-B as an index of oxidative stress after stimulation of endothelial cells with leptin. Nuclear extracts prepared from cells treated with leptin produced a time- dependent shift in the mobility of the NF-B consensus sequence (Fig. 6A) . The activation peaked after 30 min stimulation, although to a lesser extent than that of AP-1 (1.98-fold increase, P Ͻ 0.05, nϭ4) and remained elevated over 1 h. Addition of specific p65-or p50-antibodies to nuclear extracts obtained from leptin-treated cells resulted in supershifts of the NF-B/DNA complex (Fig. 6B) . This finding indicated that the p50/p65 heterodimer corresponded to the leptin-sensitive NF-B complex. Moreover, because the p65 antibody abolished the leptin-dependent formation of NF-B complex, it is likely that leptin activated the p65 rather than p50 component of the NF-B complex.
In nuclear extracts from cells pretreated with the antioxidant NAC (30 mM, 30 min) leptin did not increase NF-B DNA binding activity (Fig. 7) .
Effect of leptin on MCP-1 expression
Since the MCP-1 promoter contains binding sites for AP-1 and NF-B, we studied the effect of leptin on MCP-1 expression. Leptin enhanced the amount of MCP-1 transcripts, identified by Northern blot analysis, in a time-dependent manner (Fig. 8A) . Within 4 h of stimulation, a 1.6-fold increase was observed (nϭ4, P Ͻ 0.05). Pretreatment of cells with NAC completely abolished the stimulatory effect of leptin on MCP-1 expression (Fig. 8B) .
DISCUSSION
In the present study, we report that stimulation of cultured human endothelial cells with leptin leads to an enhanced intracellular accumulation of reactive oxygen species (ROS). This effect was associated with activation of the JNK/SAPK-dependent pathway as well as the redox-sensitive transcription factor NF-B. The oxidant-dependent increase in MCP-1 expression observed after leptin stimulation further supports the hypothesis that ROS play a major role in the leptin-activated intracellular signaling pathway in endothelial cells.
Our results show that stimulation of cultured human endothelial cells with leptin is associated with a significantly enhanced oxidation of DCFH, indicative of increased intracellular H 2 O 2 or HO . generation. We have previously described that HUVEC express functional leptin receptors that, when activated, trigger the stimulation of tyrosine kinasedependent pathways (9) . Since tyrosine kinase inhibitors suppress the stimulatory effect of leptin on DCF fluorescence, it is possible that the tyrosine kinases associated with the leptin receptor are involved in the increased intracellular ROS accumulation. N-acetylcysteine, a thiol-containing antioxidant that not only scavenges free radicals, but also increases the ratio of reduced to oxidized glutathione in endothelial cells (23) , was found to prevent the effects of leptin. Under inhibition of superoxide dismutase and nitric oxide (NO) synthase, leptin still enhanced the DCF fluorescence. These results indirectly suggest that increased peroxide formation rather than superoxide anions and/or peroxynitrite, the reaction product of NO and superoxide anion, is responsible for the increased DCF fluorescence in endothelial cells stimulated with leptin. Moreover, we did not observe in HUVEC any effect of leptin on intracellular cyclic GMP level, a standard indicator of NO formation (unpublished data).
Studies of oxidant radicals have mainly focused on toxic effects, but there is now growing evidence for (15, 30 , and 60 min) with 10 ng/ml leptin were subjected to electrophoretic mobility shift assays in the presence of AP-1-specific consensus sequence oligonucleotides. A) A representative autoradiograph from two independent experiments is shown. B) Competition assay was performed in the presence of 500-fold excess of unlabeled specific oligonucleotides. A representative autoradiograph is shown. ROS as second messengers, involved in the transduction of extracellular stimuli and able to modulate intracellular signal pathways (24) . Key signal molecules in intracellular pathways are MAP kinases. At least three different MAP kinases classes have been identified: Erk (extracellular-regulated kinases), JNK-SAPK (NH 2 -terminal c-Jun Kinase/stress-activated protein kinase), and p38. Even though they are closely related protein kinases, they appear to trigger distinct biological responses. Erk signaling has been involved in the control of cell proliferation and differentiation, whereas JNK-and p38-dependent pathways have been implicated in responses to cellular stress (25) . We previously described that activation of the endothelial leptin receptors was linked to stimulation of Erk1/2 in association with enhanced cellular proliferation (9) . In the present study, we report that leptin led to a time-dependent activation of another MAP kinase family, the JNK/SAP kinases. Since JNK is activated by oxidants such as H 2 O 2 (26, 27) , intracellular ROS have been suggested to provide common signals to JNK pathways (28, 29) . Our results clearly show that activation of JNK by leptin was sensitive to the antioxidant N-acetylcysteine. However, the presence of PDTC did not affect the stimulatory effect of leptin. Some reports show that PDTC, commonly considered as antioxidant, can exert pro-oxidant effects sensitive to N-acetylcysteine and glutathione (18) , due to the binding and transport of extracellular copper ions into cells (22) . Thus, the enhanced activity of JNK under PDTC stimulation, already reported (30) , is more likely related to the pro-oxidant than the antioxidant properties of PDTC.
The transcription factor AP-1 is an inducible transcription factor that can be activated and regulated at the transcriptional and/or protein level. Changes in the phosphorylation state of c-Jun lead to the stabilization as well as enhanced trans-activation and DNA binding activity. c-Jun is a substrate for the JNKs that can bind directly to and phosphorylate c-Jun more efficiently than ERKs in vitro (31) . Our results show that the AP-1 DNA binding activity, assessed by electrophoretic mobility shift assay, is increased in a time-dependent manner after leptin treatment. The stimulatory effect of leptin was prevented in the presence of N-acetylcysteine. These findings stress further the role of ROS in the leptin-induced stimulation of the JNK-dependent pathway. Similarly, the DNA binding activity of the transcription factor NF-B was enhanced by leptin, although to a lesser extent than AP-1. Moreover, this effect was inhibited by an antioxidant. It has recently been shown that gene therapy, involving gene transfer of recombinant mitochondrial superoxide dismutase after ischemia/reperfusion injury in the liver, was associated with a reduction in AP-1 and NF-B activation (32) . This report, together with our findings, suggest that these immediate early transcription factors represent common pathways by which cells respond to environmental stress and more specifically to oxidative stress.
MCP-1 belongs to the class of chemotactic cytokines shown to elicit the direct migration of monocytes to inflammatory sites. Cellular MCP-1 expression has been shown to be induced by mitogenic or activation signals in a variety of cell types, including monocytes, macrophages, and T-lymphocytes, as well as in a variety of cells traditionally not part of the immune system, including smooth muscle cells and endothelial cells (33) . Moreover, expression of MCP-1 has been shown in human atherosclerotic lesions (34, 35) . Our present data demonstrate that leptin leads to an up-regulation of MCP-1 transcripts in endothelial cells. Moreover, this stimulatory effect was suppressed in the presence of antioxidants. Since both AP-1 (TRE) and NF-B (B) binding motifs are present in the promoter region of MCP-1 and act in a cooperative manner (36) , our finding suggests that the ROS-dependent activation of AP-1 and NF-B is involved in the enhanced MCP-1 expression after leptin stimulation of endothelial cells. Studies performed in rodents with genetic abnormalities in the leptin system have revealed obesityrelated deficits in macrophage phagocytosis and in the expression of proinflammatory cytokines, which could be suppressed by exogenous leptin (7) . Our data extend this proinflammatory effect of leptin to human endothelial cells. Endothelial cells play an important role in the initiation and maintenance of inflammatory processes and acute tissue injuries. Indeed, the adhesion of blood-borne monocytes and migration through the endothelial surface is a prerequisite for the monocyte-macrophage conversion. It is thus tempting to speculate that the intracellular accumulation of oxidant radicals stimulated by leptin and the consecutive expression of MCP-1 in endothelial cells might play a key role in the inflammatory process. In addition, chronic endothelial oxidative stress under hyperleptinemia, as in human obesity, might be involved in the excessive inflammatory responses linked to atherosclerosis. 
